We previously demonstrated that K depletion inhibited ROMK-like small-conductance K channels (SK) in the cortical collecting duct (CCD) and that the effect was mediated by superoxide anions that stimulated Src family protein tyrosine kinase (PTK) and mitogen-activated protein kinase (MAPK) (51). However, because animals on a K-deficient diet had a severe hypokalemia, superoxide-dependent signaling may not regulate ROMK channels under physiological conditions with a normal plasma K concentration. In the present study, we used the patch-clamp technique and Western blot to examine the effect of a moderate K restriction on ROMK-like SK channels and the role of PTK and MAPK in regulating apical K channels in the CCD of animals on a low-K diet (LK; 0.1% K). Rats and mice fed a LK diet for 7 days had a normal plasma K concentration. However, a LK intake increased the expression of angiotensin II type 1 receptor in the kidney. Moreover, patch-clamp experiments demonstrated that LK intake decreased the probability finding SK channels and channel activity defined by NPo (a product of channel number and open probability) in the CCD of both rat and mouse kidneys. Also, LK intake significantly stimulated the production of superoxide anions in the renal cortex and outer medulla in both rats and mice and increased superoxide level in the rat CCD. Moreover, LK intake augments the phosphorylation of p38 and ERK MAPK, the expression of c-Src and tyrosine phosphorylation of ROMK channels. However, treatment of animals with tempol abolished the effect of LK intake on MAPK and c-Src and increased ROMK channel activity in comparing with those of nontreated rats on a LK diet. Inhibiting p38 and ERK with SB202190 and PD98059 significantly stimulated SK in the CCD in rats on a LK diet. In addition, inhibition of PTK with herbimycin A activated SK channels in the CCD from rats on a LK diet. We conclude that LK intake stimulates the generation of superoxide anion and related products and that MAPK and Src family PTK play a physiological role in inhibiting apical K channels in the principal cells in response to LK intake. Ca 2ϩ -activated BK channel; ROMK (Kiy1-1); renal K secretion; K homeostasis A DECREASE IN THE DIETARY K intake suppresses renal K secretion (41, 43, 53) . K restriction-induced decrease in renal K secretion is achieved by both inhibition of apical ROMK-like small-conductance K channels (SK) and Ca 2ϩ -activated big conductance K channel (BK) channels in principal cell (PC) and by stimulating K absorption through K-H-ATPase in intercalated cell (IC) (57, 58) . Several studies demonstrated that K restriction inhibits ROMK-like SK channels by stimulating endocytosis (12, 55, 56) . Although the mechanism by which K restriction inhibits ROMK channels is not completely understood, WNK (with-no-lysine kinase) and superoxide anions play an important role in mediating endocytosis (27, 51). WNK1, 3, and 4 have been shown to be expressed in the cortical collecting duct (CCD) and inhibit ROMK channels by stimulating a clathrin-dependent pathway (23, 26 -29). Moreover, a kidney-specific WNK1 (KS-WNK1) is also expressed in the CCD and can antagonize the inhibitory effect of WNK1 on ROMK channels (28). Because K restriction decreases the KS-WNK1 expression and increases the WNK1 protein level, increased ratio between the WNK1 and the KS-WNK1 leads to suppressing ROMK channels in the CCD.
A DECREASE IN THE DIETARY K intake suppresses renal K secretion (41, 43, 53) . K restriction-induced decrease in renal K secretion is achieved by both inhibition of apical ROMK-like small-conductance K channels (SK) and Ca 2ϩ -activated big conductance K channel (BK) channels in principal cell (PC) and by stimulating K absorption through K-H-ATPase in intercalated cell (IC) (57, 58) . Several studies demonstrated that K restriction inhibits ROMK-like SK channels by stimulating endocytosis (12, 55, 56) . Although the mechanism by which K restriction inhibits ROMK channels is not completely understood, WNK (with-no-lysine kinase) and superoxide anions play an important role in mediating endocytosis (27, 51) . WNK1, 3, and 4 have been shown to be expressed in the cortical collecting duct (CCD) and inhibit ROMK channels by stimulating a clathrin-dependent pathway (23, 26 -29) . Moreover, a kidney-specific WNK1 (KS-WNK1) is also expressed in the CCD and can antagonize the inhibitory effect of WNK1 on ROMK channels (28) . Because K restriction decreases the KS-WNK1 expression and increases the WNK1 protein level, increased ratio between the WNK1 and the KS-WNK1 leads to suppressing ROMK channels in the CCD.
In addition, K restriction increases the superoxide anion levels in the renal cortex and outer medulla (OM) (3) . The role of superoxide anions in mediating the effect of K depletion on SK channels and renal K secretion is best suggested by experiments in which decreasing superoxide anion levels with tempol treatment increased SK channel activity in the CCD and urinary K loss during K restriction (3) . Superoxide and its related products have been shown to activate mitogen-activated protein kinase (MAPKs) such as p38 and ERK (15) and stimulate the expression of Src family protein tyrosine kinase (PTK) in the kidney (2) . Increased p38 and ERK activity inhibit ROMK-like SK channels by a PTK-independent mechanism (2) . Stimulating Src family PTK phosphorylates ROMK channels and increases the endocytosis (49) . Moreover, c-Src reversed the effect of SGK1 on WNK4 and restored the inhibitory effect of WNK4 on ROMK channels. The Src family PTK not only plays a role in regulating K homeostasis under extreme K depletion which causes hypokalemia but also under physiological conditions such as a moderate decrease in dietary K intake which does not cause hypokalemia. A study performed by Chen et al. (11) showed that decreased dietary K content from 1 to 0.33% significantly increased the expression of c-Src in the kidney and enhanced the tyrosine phosphorylation of ROMK channels. This indicates that Src family PTK plays a physiological role in regulating K secretion. However, it is remained to be determined whether a moderate decrease in dietary K intake also increases the generation of superoxide anions and whether superoxide-related products are responsible for suppressing ROMK channels. Therefore, the aim of the present study is to examine whether superoxide anion, Src family PTK, and MAPK are also responsible for maintaining K homeostasis under physiological conditions.
METHODS
Animal preparation. Male C57BL/6 mice (6 wk old) and pathogenfree Sprague-Dawley rats (50 -60 g) were used in the experiments and were purchased from Jackson Laboratory (Bar Habor, ME) and Taconic Farms (Germantown, NY), respectively. After 1-wk recovery from travel stress, rats/mice were placed either on a normal rat chow (1.0% K wt/wt) or a low-K diet (LK; 0.1% K; Harlan Teklad, Madison, WI; catalog number TD07276) for 7 days. For measuring plasma K concentrations, animals were anesthetized with pentobarbital sodium (60 mg/kg), blood was drawn from the heart, and the kidneys were removed for tissue preparation. Plasma K concentrations were measured using flame photometry. For dissecting CCD for the patch-clamp experiments, animals (rat's weight was Ͻ90 g) were euthanized by cervical dislocation and kidneys were removed immediately. Several thin slices (Ͻ1 mm) of the kidney were cut with razor blade and placed on the ice-cold Ringer solution until dissection. The dissection was carried out at room temperature and two watchmaker forceps were used to isolate the single CCD. To immobilize the tubules, they were placed onto a 5 ϫ 5-mm coverglass coated with polylysine (Sigma, St. Louis, MO). The coverglass was transferred to a chamber (1,000 l) mounted on an inverted Nikon microscope. The animal use protocol has been approved by an independent Institutional Animal Care and Use Committee at New York Medical College.
Patch-clamping. The CCDs were superfused with HEPES-buffered NaCl solution containing (in mM) 140 NaCl, 5 KCl, 1.8 CaCl 2, 1.8 MgCl2, and 5 HEPES (pH 7.4). The pipette solution was composed of (in mM) 140 KCl, 1.8 MgCl 2, and 5 HEPES (pH 7.4). The CCD was cut open with a sharpened micropipette to expose the apical membrane. Only principal cells were used for the study.
An Axon200A patch-clamp amplifier was used to record channel current. The currents were low-pass filtered at 1 kHz by an eight pole Bessel filter (902LPF, Frequency Devices, Haverhill, MA) and digitized with Axon interface (Digidata 1200). Data were analyzed using the pClamp software system 7 (Axon Instruments, Burlingame, CA). Channel activity was defined as NP o, which was calculated from data samples of 60-s duration in the steady-state as follows: NPo ϭ Α(1t1 ϩ 2t2 ϩ . . . . . iti), where ti is the fractional open time spent at each of the observed current levels.
Measurement of superoxide anion. We followed the method described previously for measurement of superoxide anions in the kidney (38) . For rats, we used 100 mg tissue dissected from renal cortex and OM for the measurement, whereas we used the mixture of the tissue dissected from cortex and OM because the size of the mouse kidney was too small. In both cases, the tissue was cut into a small piece with a sharp blade and suspended in air-equilibrated (5% CO 2-95% air) MOPS-sucrose buffer (pH 7.4) containing 5 M lucigenin which has no significant effect on cell superoxide production at this concentration (59) . The chemiluminescence elicited by superoxide anions in the presence of lucigenin was measured in a darkroom with a Mark 5303 scintillation counter (TmAnalytic, Elk Grove Village, IL) in the out-of-coincidence mode with a single active photomultiplier tube. Samples were initially at 37°C but the temperatures subsequently equilibrated with the ambient temperature of ϳ34°C inside the scintillation counter. After 3 min of dark adaptation, vials containing all components except renal tissue were counted for 0.1 min to determine the background levels of chemiluminescence. Following quantitation of the background, samples were counted three times for 0.1 min after addition of the tissue fraction. Blanks were then subtracted from the tissue fraction-added vials, and the chemiluminescence data after blank subtraction are reported as counts per minute (cpm) per milligram of protein. After measuring superoxide, the renal tissue in the vial was subsequently dried by filter papers and weighted to normalize the results as cpm/100 mg wet tissue.
To measure the relative level of superoxide in the isolated CCD, dihydroethidium (DHE; Invitrogen) was used. We followed the method described previously (6) to measure superoxide level in the CCD. Briefly, the CCDs attached to a slide were loaded with DHE (5 M) for 30 min followed by washing with bath solution three times. The tubules were imaged with an Olympus FluoView FV300 confocal laser-scanning microscope. Fluorescence intensity of 10 -20 cells per tubule, which were selected randomly, was measured using Axiovision 4.6 imaging software (Carl Zeiss, Thornwood, NY).
Immunoprecipitation and Western blot. Renal tissue dissected from renal cortex and OM of Sprague-Dawley rats was used for the Western blot. The vendor and methods for maintaining rats were the same as described above. Rats were divided into three groups: 1) control group in which animals were kept on a normal-K (1% K) diet and had a daily intraperitoneal (ip) injection of saline for 1 wk, 2) low-K intake group in which rats were maintained on a LK (0.1% K) diet and received a daily ip injection of saline for 7 days, and 3) tempol-treated group in which rats were also fed with LK diet and had a daily ip injection of tempol (15 mg/kg) for 1 wk. Animals were euthanized with overdose anesthetics and the abdomen was then opened to remove both kidneys. The tissues dissected from renal cortex and the OM were suspended in RIPA buffer solution (1:8 ratio wt/vol) containing 1ϫ PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, and 10 l of PMSF (10 mg/ml stock solution in Fig. 1 . A: effect of low-K (LK) intake (0.1%) and normal-K (NK) intake (1%) on superoxide anion production in cortex and outer medulla (OM) of the rat and mouse kidney. B: representative image of dihydroethidium (DHE) staining in the cortical collecting duct (CCD) of rats on a NK and a LK diet, respectively. C: quantitative analysis of DHE fluorescence intensity in the CCD of rats on a NK (1%K) or 0.1% K diet. *Significant difference. isopropanol). To block protease activity, a cocktail of protease inhibitors (Sigma) was added at the time of lysis. The samples were homogenized on ice for 15 min with a mortar and pestle. The suspension was incubated at 4°C for 1 h in the presence of DNAse (5 g/ml) followed by centrifugation at 1,800 rpm for 10 min and the resultant supernatant was collected. Protein concentrations were measured in duplicate using a Bio-Rad D c protein assay kit.
For immunoprecipitation, the corresponding antibody (4 -5 g) was added to the protein samples (500 g in 1 ml) which were preabsorbed with protein A/G. The mixture was gently rotated at 4°C overnight, followed by incubation with 25 l protein A/G agarose Santa Cruz Biotechnology (Santa Cruz, CA) for an additional 2 h at 4°C. The tube containing the mixture was centrifuged at 3,000 rpm and washed twice with PBS containing 10 l/ml PMSF and 10 l of protease inhibitor cocktail per ml. The agarose pellet was resuspended in 25 l 2ϫ SDS sample buffer containing 4% SDS, 100 mM Tris·HCl (pH 6.8), 20% glycerol, 200 mM dithiothreitol, and 0.2% bromophenol blue. After the sample was boiled for 5 min, proteins were separated by electrophoresis on 10% SDS-polyacrylamide gels and transferred to nitrocellulose membrane (Bio-Rad, Hercules, CA). For Western blot, the membrane was blocked with Odyssey blocking buffer and incubated with the primary antibody at 4°C for 12 h. The membrane was washed 4ϫ 5 min with PBS containing 0.1% Tween 20 and followed by incubation with the secondary antibody for an additional 30 min. The membrane was then washed several times and scanned by Odyssey infrared imaging system (LI-COR, Lincoln, NE) at wavelength of 700 -800 channel.
Experimental materials and statistics. Antibodies to phospho-p38, p38, phospho-ERK, ERK, and c-Src were purchased from Santa Cruz Biotechnology. The antibody of 4G10 and ROMK was obtained from Upstate (Lake Placid, NY) and Alomone Labs (Jerusalem, Israel), respectively. Antibody reacting with phosphorylated c-Src on tyrosine residue 416 was obtained from Sigma. The data are presented as means Ϯ SE. We used paired Student's t-test to determine the statistical significance. If the P value is Ͻ0.05, the difference is considered to be significant.
RESULTS
We first measured the plasma K concentration in mice and rats fed a NK (1%) or a LK diet (0.1%). In contrast to severe K-restricted animals which had hypokalemia (4), mice on a LK diet for 7 days maintained a normal plasma K (NK: 4.79 Ϯ 0.2 mM, LK: 4.75 Ϯ 0.2 mM, n ϭ 3 mice). Similarly, plasma K concentrations were normal in rats on a 0.1% K diet (NK: 4.76 Ϯ 0.2 mM, LK: 4.64 Ϯ 0.2 mM, n ϭ 3 rats). Thus, animals were able to maintain plasma K in a normal range when the content of dietary K decreased to 0.1%. We then measured the superoxide anion generation in renal cortex and OM with lucigenin. Figure 1A summarizes the results and shows that LK intake significantly increases the production of superoxide anions in the renal cortex and OM by 65 Ϯ 6% (n ϭ 7) in mice and by 95 Ϯ 15% (n ϭ 4) in rats. Moreover, we used DHE probe to determine the superoxide level in the isolated CCD of rats on a NK (1%) and LK diet (0.1%), respectively. Figure 1B is the microscope image of the CCD demonstrating that fluorescence intensity elicited through the reaction between DHE and superoxide anions was higher in the Fig. 3 . A: effect of dietary K intake and tempol treatment on probability finding ROMK-like small-conductance K (SK) channels in mouse and rat CCD, respectively. B: channel activity (NPo) in the CCD of mouse or rat on NK or LK diet with or without tempol treatment. CCD of rats on a LK diet than those on NK diet. Data summarized in Fig. 1C from four isolated CCD tubules indicate that the mean fluorescent intensity in the CCD of rats on LK diet was 40% higher than those on a NK diet. Thus, LK intake stimulates the generation of superoxide anions despite a normal plasma K concentration.
We previously demonstrated that stimulation of AT 1 R contributed to severe K restriction-induced increase in superoxide anion generation because losartan significantly attenuated the K restriction-induced increase in superoxide anion generation in the kidney (24) . Hence, we examined whether a moderate K restriction also modulated AT 1 R by investigating the expression of AT 1 R in both rat and mouse kidney. Figure 2 is a Western blot showing the effect of a LK intake on the expression of AT 1 R in the renal cortex and OM. We observed that low-K intake increased AT 1 R expression by 110 Ϯ 20% (n ϭ 3 rats) and 95 Ϯ 20% (n ϭ 3 mice), respectively. Therefore, it is possible that AT 1 R may be involved in mediating the effect of moderate K restriction on superoxide generation.
We also used the patch-clamp technique to study the channel activity defined by NP o in the CCD from mice and rats on a NK or LK diet. Data summarized in Fig. 3A show that LK intake decreased probability finding ROMK-like SK channel in the CCD of the mouse kidney from 25% (13 patches with SK channel activity from total 52 patches of 10 mice, control K diet) to 11% (6 patches with SK channel activity from total 56 patches of 10 mice). Moreover, the mean NP o in these six patches in the CCD from mice on a LK diet was 1.05 Ϯ 0.15 and was significantly lower than the mean NP o (2.08 Ϯ 0.3) of 13 patches in the CCD from mice on a control K diet (1%). Similar results were observed in the CCD of rat kidney and Fig. 3, A and B , summarizes results. LK intake not only decreased the probability finding SK channels from 30% (12 patches with SK of total 40 patches of 8 rats, 1% K diet) to 15% (6 patches with SK channels from total 40 patches of 8 rats) but it also reduced mean NP o from 2.03 Ϯ 0.3 (1% K) to 1.06 Ϯ 0.15 (0.1% K). Thus, similar to K depletion (Ͻ0.001% K), LK diet increased generation of superoxide anions and decreased SK channel activity in the CCD.
K depletion stimulates the phosphorylation of p38 and ERK and increases the c-Src expression (3). The effect of K depletion on MAPK and c-Src was mediated by superoxide anions because suppression of superoxide anion production abolished the effect of K depletion (4). If LK intake also increases the superoxide anion generation, it is conceivable that LK intake should mimic the effect of K depletion and stimulates MAPK and c-Src. Thus, we examined the ERK and p38 phosphorylation and c-Src expression in the kidney on a LK diet for 7 days. Figure 4A is a Western blot demonstrating that LK intake significantly increased the phosphorylation of p38 by 110 Ϯ 20% and ERK by 90 Ϯ 15% in renal cortex and OM of rat (n ϭ 5 of 3 rats). Figure 4B is expected to stimulate the tyrosine phosphorylation of ROMK channels. Thus, we harvested ROMK channels by immunoprecipitation and detected the tyrosine phosphorylated ROMK with 4G10, an antibody that recognizes the tyrosine-phosphorylated proteins. Figure 4C is a Western blot showing that LK intake significantly increased the tyrosine phosphorylation of ROMK channels by 90 Ϯ 20% (n ϭ 3 rats) while the expression of ROMK channels was not affected by K diet. The notion that superoxide anion was responsible for the effect of LK intake on MAPK and c-Src was further supported by the experiments in which rats were treated with tempol and kept on a LK diet for 7 days. Figure 5A is a Western blot demonstrating that tempol treatment attenuated the LK intake-induced increase in p38 by 80 Ϯ 15% and ERK phosphorylation by 70 Ϯ 15% in rats (n ϭ 4 of 2 rats). Moreover, tempol treatment also decreased c-Src expression and the tyrosine phosphorylation of c-Src on tyrosine residue 416 induced by LK intake (80 Ϯ 15%; Fig. 5B ). In contrast, our previous experiments showed that tempol treatment did not affect the phosphorylation of p38 and ERK in rats on a NK diet (2) . We also examined the effect of tempol treatment on ROMK channel activity in the CCD of rats on a LK diet. Data summarized in Fig. 3A show that tempol treatment increased probability finding ROMK-like SK channel in rats on a LK diet from 15 to 39% (11 patches with SK channel activity from total 28 patches of 4 rats). Moreover, the mean NP o in 11 patches in the CCD from tempol-treated mice on a LK diet was slightly higher (1.4 Ϯ 0.2) than those of nontreated rats (1.06 Ϯ 0.15). However, the mean NP o of 28 patches (including no channel activity in the patches) in the tempol-treated rats on a LK diet is 0.51 Ϯ 0.14, which is significantly (P Ͻ 0.02) higher than mean NP o (0.15 Ϯ 0.06) in nontreated rats on a LK diet. Previous study demonstrated that inhibition of Src family PTK stimulated ROMK-like SK channels in the CCD from rats on KD diet (52) . Because LK intake also increases the expression of Src family PTK and tyrosine phosphorylation of ROMK, inhibiting PTK should also stimulate ROMK-like SK channels in the CCD from rats on a LK diet. Therefore, we carried out the patch-clamp experiments in the CCDs that had no visible channel activity before application of herbimycin A. In 21 randomly selected patches (21 tubules of 7 rats), addition of 1 M herbimycin A for 30 min in the bath activated ROMK-like SK channels in 10 patches and increased mean NP o from 0 to 1.8 Ϯ 0.3 in these 10 patches. Figure 6 is a typical recording showing the SK channel activity before and after application of herbimycin A.
In addition, both ERK and p38 MAPK play an important role in regulating ROMK channels (2). We previously demonstrated that application of PD98059 (ERK inhibitor) and SB202190 (p38 MAPK inhibitor) activated ROMK channels (2) in the CCD from rats on KD diet (K Ͻ 0.001). If ERK and p38 MAPK are involved in K conservation during LK intake, blocking ERK and p38 MAPK should also increase ROMK- Fig. 6 . Channel recording demonstrating the effect of herbimycin A on ROMK-like SK channels in the CCD from a rat on a LK diet for 7 days. The experiments were performed in a cell-attached patch and the holding potential was 0 mV. The channel closed level is indicated by a letter C and a dotted line. Fig. 7 . Channel recording demonstrating the effect of SB202190 and PD98059 on ROMKlike SK channels in the CCD from a rat on a LK diet for 7 days. The experiments were performed in a cell-attached patch and the holding potential was 0 mV. The channel closed level is indicated by a letter C and a dotted line. like SK channel. We examined the effect of inhibiting p38 and ERK MAPK on ROMK-like SK channels in the CCD from rats on LK diet. Inhibition of both p38 and ERK activated ROMK channels and increased NP o from 0 to 1.7 Ϯ 0.3 in 4 patches from total 16 patches (16 tubules of 6 rats) which had no channel activity before addition of PD98059 (10 M) and 10 M SB202190. Figure 7 is a channel recording demonstrating that inhibiting p38 and ERK MAPK increased ROMK channel activity. Thus, Src family PTK and MAPK are involved in inhibiting apical K secretory channels in principal cells in response to a low dietary K intake.
DISCUSSION
Dietary K intake alters the renal K secretion: an increase in K intake stimulates, whereas a decrease in K intake reduces renal K secretion (32, 36, 37) . The effect of dietary K intake on K secretion is achieved by changing apical ROMK-like SK and BK channel activity in principal cells and regulating K-HATPase activity in the intercalated cells (19) . A high dietary K intake increases both SK and BK channel activity in the apical membrane of principal cell (30, 42, 55) . Several factors including a high-aldosterone level and an increase in distal nephron Na and fluid delivery have been identified to contribute to the activation of K secretion (16, 17, 19) . However, it has been reported that aldosterone has no direct effect on the ROMKlike SK channels because neither infusion of aldosterone nor low-Na diet, a maneuver that stimulates aldosterone secretion, increases the number of the SK channel in the CCD (55) . This suggests that an aldosterone-independent mechanism is responsible for mediating the stimulatory effect of high-K intake on the ROMK-like SK channels in the CCD. On the other hand, K restriction suppresses renal K secretion and enhances K absorption (19) . This is achieved by both inhibiting apical K channels in principal cells and stimulating K absorption in intercalated cells. We previously demonstrated that superoxide anion plays a key role in suppressing apical K channels and K secretion in the kidney during K depletion (51) . This notion is supported by the observation that inhibition of superoxide generation impairs the renal ability of K conservation and causes a severe hypokalemia during K depletion. However, K depletion causes a severe hypokalemia and other pathological response such as body weight loss. Thus, it is possible that superoxide anions mediated inhibition of renal K secretion and apical K channels may not be a physiological response and take place only during severe hypokalemia. The present finding that LK intake significantly increased superoxide anion production in the kidney while the plasma K is still in a normal range suggests that superoxide anion also plays a role in regulating apical K channel activity and renal K secretion under physiological condition.
The superoxide anions are generated by stimulation of enzymes such as NAD(P)H oxidases and xanthine oxidase (15) . Also, superoxide can be converted to H 2 O 2 by superoxide dismutase. Superoxide and H 2 O 2 have initially been identified to be involved in the regulation of immuno response and programmed cell death. However, large body of evidence supported the notion that superoxide and H 2 O 2 may play an important role in mediating a variety of cell function (15) . Superoxide mediates the effect of nerve growth factor in neuronal cells (50) and epidermal growth factor in human epidermoid carcinoma cells (5) . Stimulation of insulin receptor has been shown to augment the formation of superoxide anions (34) and low concentrations of H 2 O 2 can potentiate the insulin effect in insulin-responsive tissues (46) . Moreover, high concentrations of H 2 O 2 can induce insulin-like effects in the absence of insulin via stimulation of the insulin-independent tyrosine phosphorylation of the insulin receptor (22) . H 2 O 2 mediates the stimulatory effect of ANG II on nitric oxide production in endothelial cells (9) (14) by increasing phosphorylation of c-Jun on serine residues 63 and 73 in the NH 2 terminus.
The mechanism by which moderate (LK intake) or severe K restriction (K deficient) increases the production of superoxide anions is not completely understood. The observation that Fig. 8 . Scheme illustrating the mechanism by which LK intake suppresses apical K channels in the CCD.
AT 1 R expression in the kidney was upregulated by low-K intake suggests that stimulation of AT 1 R might be involved in mediating the effect of a LK intake on superoxide generation. This possibility is also supported by a previous finding that losartan treatment significantly attenuated the severe K restriction-induced increase in superoxide anion generation in the kidney (24) . Relevant to our observation is the report that LK intake stimulates renin and ANG II signaling pathway as evidenced by high plasma renin activity (45, 48) . It is possible that the stimulation of AT 1 R activates type II NADPH oxidase (NOX II), which is a major source of reactive oxygen species in a variety of tissues (18, 21) , thereby increasing superoxide generation. In addition to ANG II, increased PGE 2 may also play a role in mediating the effect of LK intake on superoxide generation. We previously showed that K restriction increased PGE 2 which inhibited ROMK channels in the CCD. The effect of PGE 2 was abolished by inhibiting PKC, suggesting the role of PKC in mediating the effect of PGE 2 on ROMK channels in the CCD (25) . PKC has been shown to play an important role in the phosphorylation of p47
Phox and stimulates the activity of NOXII (7) . Therefore, LK intake could increase superoxide anion generation through multiple pathways including ANG II and PGE 2 . However, factors other than ANG II and PGE 2 -dependent pathway may also be involved in mediating the effect of moderate K restriction on K secretion.
Also, the present study indicates that both Src family PTK and p38/ERK MAPK mediate the effect of LK intake on SK channels. We previously demonstrated that ROMK-like SK and BK channels are inhibited by ERK and p38 MAPK (2) . The present observation that inhibiting ERK and p38 MAPK activates ROMK-like SK channels and BK channels suggests that LK-induced decrease in apical K channel activity is at least partially the result of activation of MAPK in response to LK intake. However, the mechanism by which ERK and p38 inhibit ROMK-like SK and BK channels is not known. We previously demonstrated that K depletion stimulates the expression of Src family PTK and activity (55) . Our present finding that LK intake stimulates Src family PTK activity and increases the tyrosine phosphorylation of ROMK1 strongly suggests that PTK plays a physiological role in regulating ROMK-like SK channels during LK intake. This notion is also supported by the finding that inhibiting PTK increased the ROMK channel activity in principal cells. Figure 8 is a scheme illustrating the mechanism by which LK intake suppresses apical K channels and renal K secretion in the CCD. LK intake increases superoxide anion generation which stimulates PTK activity and MAPK phosphorylation. Moreover, MAPK and PTK may have a cross talk thereby having a positive feedback on each other. Since activation of PTK and MAPK inhibits the apical K-secretory channels, renal K secretion is suppressed during K restriction. We conclude that increases of superoxide anions are a physiological factor regulating renal K secretion and apical K channel activity in principal cells in response to LK intake.
